Skeletal muscle accounts for some 40 per cent of body weight. Presumably, by virtue of its bulk as the largest mass of tissue, its metabolism may be a major factor in total body economy and yet surprisingly little is known of the quantitative characteristics of metabolism of skeletal muscle. Studies of excised muscle and its extracts have provided a rich background relating to the metabolic capabilities of muscle. They have shown a great deal about the apparatus with which muscle is equipped to perform its functions in dissimilating metabolites but they fail to reveal the quantitative importance of particular pathways of dissimilation in the total scheme.
Appraisal of metabolism in intact tissues in man has been accomplished by application of the Fick principle in the case of brain (3), heart (4), kidney (5) and liver (6) . These studies were antedated by Chauveau (7) who independently formulated the principle credited to Fick and used it to estimate oxygen consumption, carbon dioxide production and glucose uptake by the levator of the upper lip in the intact horse.
In the studies to be reported here this principle has been applied to assess metabolism of muscles of the forearm in intact man. As a prerequisite to observation of metabolism of forearm muscles was further supported by grants-in-aid from the National Institutes of Health, Department of Health, Education, and Welfare (H-1327, A-750) and the Muscular Dystrophy Associations of America, Inc. 2 Parts of this study have been presented at the Third Medical Conference of the Muscular Dystrophy Associations of America (1) and at the 74th meeting of the American Physiological Society (2) .
3Public Health Service Research Fellow of the National Heart Institute.
under more complicated conditions observations to be reported here were limited to the basal state with the muscle at rest. The main questions to which answers were sought were: 1) What is the oxygen consumption of resting skeletal muscle? and 2) What is the quantitative role of carbohydrate under basal conditions?
METHODS
Experimental conditions. Fourteen male subjects were studied. Nine were medical students and laboratory colleagues and five were ambulatory convalescent patients. No food was permitted after 6:00 P.M. the previous night. Blood samples were collected between 10:00 A.M. and 1:00 P.M., that is, 16 to 19 hours postprandially. Subjects lay supine in an air-conditioned room maintained at 25°C. with the arm comfortably supported. The procedure was previously explained to the subjects and there was little overt anxiety. The brachial artery was cannulated with an 18-gauge thin-walled Riley needle so that the tip of the needle lay just proximal to the antecubital crease. Venous blood for measurement of metabolite concentrations was collected through a polyethylene catheter (I. D. 0.86 mm., 0. D. 1.27 mm.) passed through a 16-gauge thin-walled needle which had been introduced in a retrograde direction through a large antecubital vein and into one of the deep veins draining the forearm muscles. Another catheter was similarly passed into any superficial forearm vein for the collection of blood used only in validating the blood flow method. Blood flow through wrist and hand was excluded during the experimental periods by a 10-cm. wide pressure cuff about the wrist inflated to a pressure at least at 100 mm. Hg greater than systolic.
Blood flow was measured by the dye-dilution method previously described (8) . In brief, a 0.25 per cent aqueous solution of Evans blue dye, T-1824, in 0.9 per cent sodium chloride was introduced continuously at a constant rate into the brachial artery. The dye concentration was measured in two venous blood samples obtained simultaneously. Flow was calculated from the mean dye concentration only if there was good agreement in the two samples (8) .
Injection of dye and application of the wrist cuff began five minutes before the first blood collection. Samples of arterial and venous blood were usually collected nearly simultaneously, or, at times, two arterial samples bracketed a number of venous samples. In the latter case, arterial concentration at the time of the venous collection was estimated by interpolation. The interval between collection of successive pairs of samples varied from 12 to 60 minutes. On the average, two arterial and three venous samples were collected from each subject.
The blood samples were collected in syringes with dead spaces filled with heparin in isotonic sodium chloride. No metabolic inhibitors were used in the dead space solution. Dead space was measured for each syringe.
The volume of each blood sample was usually 18 ml.; in most experiments a total of less than 150 ml. of blood was removed. Hematocrit and concentrations of all metabolites and of T-1824 were determined on aliquots of the same sample of blood.
Forearm volume was determined by water displacement of the segment between the proximal margin of the sphygmomanometer cuff at the wrist and the antecubital crease.
Hematocrits were measured in Wintrobe tubes spun at 925 G for one hour and were corrected for 6 per cent trapped plasma.
Chemical methods. Concentrations of 02, C02, glucose and lactic acid were measured in whole blood. Immediately after a blood sample was obtained it was mixed in the syringe by swirling with a drop of mercury. Samples for determination of glucose and lactic acid and hematocrit were delivered into chilled test tubes and a measured sample of this blood was hemolyzed by delivery into distilled water. Proteins were precipitated by the Somogyi barium hydroxide-zinc sulfate method (9) , the barium hydroxide solution being added immediately after hemolysis. Glucose was determined in the first nine experiments on duplicate samples of the protein-free supernant by Nelson's arsenomolybdate method (10) and in the remainder on triplicate samples by modification of the anthrone methods of Zipf and Waldo (11) and Roe (12) . Lactic acid was measured by the method of Barker and Summerson (13) . In some the CuSO4-Ca(OH)2 step was done in duplicate with color development in quadruplicate. In the remainder the entire procedure was carried out in triplicate. Oxygen and carbon dioxide were determined by the Van Slyke-Neill method (14) in triplicate and no values were discarded.
The reproducibility of the chemical methods is given in Table I . In order to simplify the calculations, only a portion of the data was utilized. For each subject, only the first arterial and venous samples were examined, and for both of these, the first two replicates only were considered. From It should be pointed out that these estimates of the error of the chemical methods are not to be considered as descriptions of the overall error of the experimental procedure. In the glucose and lactate methods the protein precipitation step was not carried out in replicate and therefore the error of this part of the procedure is not included in the calculations of Table I . Also, the corrections of concentration for the two dilution factors presented in the next section involve error, but these must be quantitatively insignificant. Part of the calculations (Table V) also includes the error of the blood flow method, which may be as large as 420 per cent (8) .
The standard errors presented in subsequent tables are calculated from the data presented in those tables and not from the standard errors of the chemical methods of Table I . The variance of the data in Tables III, V (15) and for the segment of forearm in the present studies it would be about 0.1 ml. per min. and therefore negligible. Skin flow, however, is significant. In Table II between total forearm flow and flow to muscle over a range of flows. From the regression line of their data it can be calculated that 30 per cent of the total forearm flow in our subjects passed through skin. However, the pertinence of their data to our study is open to question since conditions in the two studies differed in the following respects: (a) The forearm was encased in a water-filled plethysmograph at 340 in their study and exposed to room air at 250 in ours. Partition of blood flow between skin and deep tissues might be quite different in the two cases. (b) Intermittent venous occlusion in the plethysmographic method might also affect the partition of blood flow. (c) The plethysmograph encased a forearm volume which was only 420 ml., on the average, compared to 1,000 ml. in our studies. Inclusion of the upper forearm in the larger volume results in a higher muscle-mass to skin-mass ratio and presumably implies relatively less skin flow. It would appear from examination of all the available data that blood flow to muscle in our studies represented probably 80 to 85 per cent of total forearm flow.
A similarly rough estimate can be made of the mass of muscle perfused. We attempted to measure the volume of intracellular water in the forearm by continuous intraarterial injection of n-acetylaminoantipyrine and sucrose (see [8] for theory) but the results were erratic and useless for this purpose. The only available means of estimating forearm muscle mass lies in data from dissected forearms. Abramson and Ferris (22) 
A-V differences
Concentrations of 02, CO2, glucose and lactate in arterial blood and the A-V concentration differences of these substances determined in each subject are listed in Table III .
With respect to concentration of the several substances measured in arterial blood it may be stated that 02 concentrations were appropriate to the measured hematocrits in each case. The range of total CO2 content was normal for whole blood (23) . Glucose concentrations, in more familiar units, were between 82 and 95 mg. per 100 ml. The arterial lactate concentration can be compared (35) reported mean differences of -5.0 and -6.8 ml. per 100 ml., respectively, which are comparable to the mean value of -5.6 ml. per 100 ml. in the present study.
Glucose A-V difference. Data on glucose A-V differences are abundant. An extensive series was gathered by Somogyi in 1948 (36) and a mean difference between finger capillary blood and antecubital venous blood of 5 mg. per 100 ml. was obtained. Bell in 1952 (34) found a mean difference of 2.2 mg. per 100 ml. between femoral arterial and venous blood. The mean in the present series, 0.093 mM per 1. or 1.7 mg. per 100 ml., and the range agree closely with Bell's data. The several negative A-V differences obtained by Bell and by us are small. Although they are probably within experimental error, the possibility remains that they are real.
Lactate A-Vdifferences. In all subjects venous lactate concentration was always higher than arterial; that is, forearm muscles at rest produced lactate continuously even in the presence of active oxygen consumption.
The presence of lactic acid at all times in circulating blood has been attributed to its formation by "a few special tissues, such as red blood cells, the intestinal mucous membrane, and the retina, etc." (37 These lead to estimates of 0.5 ;&M or 0.09 mg.
of glucose taken up per minute per 100 g. forearm muscle, and of 22 mg. per min. for glucose uptake by total muscle in ideal man. In Table VI this value for glucose uptake by muscle is added to those available for brain and heart. Their sum agrees well with the estimated rate of release of glucose by liver.
The fraction of 02 consumption accounted for by oxidation of glucose and the fraction of glucose uptake accounted for by lactate production The uptake of glucose and of oxygen may be directly compared from data in Table III . If all glucose taken up were completely oxidized, then it would account for only 19 per cent of the oxygen consumption, on the average. It has, however, been shown that lactate is continuously produced by forearm tissues, and it is therefore reasonable to assume that even 19 per cent is an overestimate, since apparently not all the glucose undergoes oxidation.
A more precise appraisal may be derived using the following assumptions: (a) muscle glycogen is constant during these observations, (b) lactate arises exclusively from dissimilation of glucose, and (c) diffusible intermediates other than lactate are negligible.
The essence of the calculation about to be made is that one first determines the fraction of glucose uptake which can be accounted for by lactate production. The remainder of the glucose uptake is then assumed to be oxidized completely. If assumption (b) is sufficiently in error anaerobic dissimilation of glucose will be overestimated, but this appears to be a quite reasonable assumption. Assumption (c) is probably overdrawn in that pyruvate for example is known to be diffusible and might account for an additional moiety of glucose. It is probable that this is small. The error leads to a slight overestimate of the fraction of glucose which is oxidized.
Since production of 2 moles of lactate implies dissimilation of 1 mole of glucose, lactate molar A-V differences are divided by two to determine the size of the glucose A-V difference which is exactly matched by lactate production. The following equations apply: These estimates are presented in Figure 1 and in Table VII .
It will be seen that about 60 per cent of glucose uptake is accounted for by lactate production. Each pair of columns represents data from a single subject. Each left-hand column of the pair contains two components: the arteriovenous difference in oxygen concentration, mM per 1., is represented by the column above the zero line, and the oxygen equivalents of the arteriovenous difference in lactate concentration (the measured arteriovenous difference in lactate multiplied by 3) is represented by the column below the zero line. Each right-hand column of the pair represents the oxygen equivalents of the arteriovenous difference in glucose concentration (the measured arteriovenous difference in glucose multiplied by 6). The base of each right-hand column is aligned so that all the glucose uptake accounted for by lactate production appears below the zero line; the remaining glucose uptake, available for oxidation, appears above the zero line. In four subjects the venous glucose concentration exceeded the arterial and in these the glucose bar is plotted down from the base of the lactate bar. The numbers below the pairs of columns indicate the per cent of oxygen consumption accounted for by oxidation of glucose.
Data on nine subjects in this figure have appeared previously in Figure 1 , reference (1) . In some of these, recalculation of the data has led to slight revision. Data on a tenth subject previously reported (1) have been deleted owing to the fact that he had not fasted 16 hours. 
. In subjects 3, 7, 12, and 13 the A-V glucose differences were negative. Mean value for L/G is calculated from the mean lactate V-A difference and the mean glucose A-V difference, and its SEM calculated from variance of A-V lactate and of A-V glucose differences. This is a surprisingly high value. The classical view is that "lactate formation in tissues is a sign of anoxia, for in the presence of oxygen pyruvate proceeds through the oxidative pathway" (44) . The lactate formation in working muscles, for example, is attributed to the inability of the blood supply to meet the increased oxygen requirements. Yet, the forearm muscles were at rest, blood flow was normal, and oxygen consumption was brisk, although the technique used cannot rule out the possibility that lactate is formed during periods of ischemia, perhaps as blood flow shifts from one area of muscle to another. It may be suspected that the high concentrations of lactate in venous blood resulted possibly from escape of small amounts of blood from the ischemic hand or from a relatively ischemic wedge of tissue beneath the proximal edge of the sphygmomanometer cuff at the wrist. The former possibility seems unlikely in the light of the following observation. A small amount of an aqueous solution of Na2S3504 was injected intramuscularly into the thenar eminence of a subject in whom hand circulation was occluded by a pressure cuff at the wrist. No radioactivity was detected in antecubital venous blood during the usual period of occlusion, but on release of the cuff there was the anticipated rush of radioactivity into antecubital venous blood. The possibility that high venous lactate concentration represented lactate contributed from an ischemic wedge of tissue beneath the cuff was made unlikely by an experiment in which the cuff was not applied. The concentration of lactate in the deep venous blood again exceeded the concentration in arterial blood. And finally, it will be recalled from Table IV that blood lactate concentrations were quite constant and from Table  III that the concentrations reported here are at least as low, if not lower, than those reported by others for subjects at rest in the fasting state.
Equally surprising is the fact that only about 7 per cent of the oxygen consumption of the forearm muscles is spent in oxidation of glucose. The range of results, + 57 to -44 per cent is attributable in part to cumulative experimental errors of determinations of glucose, lactate and 02 in arterial and venous blood. These errors can be estimated and, for a determination based upon a single pair of arterial and venous blood samples, the standard error of the determination is 20.0 per cent. In most subjects at least two pairs of A-V differences were obtained, so that generally the standard error of the mean for a single subject is 14.1 per cent. For the entire series of 14 subjects then, the standard error owing to chemical methods is only 3.8 per cent. Moreover if errors from all sources, including errors of chemical analysis, are random, the mean for the entire series is not likely to be far from the true value. Indeed the values appear to be distributed normally about the mean with a median of 6.5 per cent, and it can be shown by routine analysis of the data that it is highly improbable that the true mean is as high as 25 per cent.
The mean value, 7 per cent of 02 uptake used for oxidation of glucose by forearm muscle, may be compared with data reported by Baker, Shreeve, Shipley, Incefy, and Miller (45) . These workers assessed glucose oxidation in man by measuring rates of appearance of C1402 in expired air following administration of C14-labeled glucose, and their calculations indicate that 21 per cent of CO2 production in the basal state was derived from glucose oxidation by the entire body. If the R.Q. in their subjects were 0.82, the usual mean value found by others in subjects in the basal state, glucose would have provided about 17 per cent of the substrate for oxidation throughout the body. As Table VI indicates, although metabolism by muscle accounts probably for nearly 40 per cent of total 02 consumption, it accounts for only 20 per cent of glucose uptake and it is not surprising that measurements of net performance of total body metabolism should lead to a slightly higher estimate of the quantitative role of oxidation of glucose.
Probable inadequacy of muscle glycogen as oxidizable substrate in the basal state While it is clear that arterial blood supplies little glucose to the arm, it is conceivable that glycogen stored previously (i.e., after meals) serves as carbohydrate substrate under basal conditions. Some evidence is available suggesting that the role of glycogen must be minor.
Glucose A-V differences following meals have been measured by Fryer, Moore, Williams, and Young (46) . From their data it can be estimated that about 60 g. of glucose is taken up by total body muscle from 8:00 A.M. to 10:00 P.M. As reported elsewhere (47) the glucose uptake from 10:00 P.M. to 8:00 A.M. averaged 30 g. The total 24-hour glucose uptake, then, about 90 g., could account for 67 1. of O2 if it were totally oxidized. Basal 02 consumption by total muscle may be taken as 125 1. per day from our data, and moderate activity might make 200 1. per day a reasonable estimate of total uptake. The 90 g. of glucose then would account for only one-third of the 02 uptake. However, since a considerable part of glucose taken up is lost as lactate, even this minor fraction must be revised downward.
Furthermore, if observations in the rat can be extrapolated to man, then it can be estimated from data of glycogen turnover rates (48) and from decrements in concentration of muscle glycogen (49) that only about 12 per cent of the oxygen consumption can be attributed to glycogen during the basal state.
Respiratory quotient of forearm muscle So far, it has been shown that most of the oxygen consumed by muscle under basal conditions is spent in oxidation of non-carbohydrate substrates. A clue concerning the nature of the major substrates is found in estimates of R.Q. for forearm muscle, listed in Table VII . The range is broad, 0.64 to 1.02, but is attributable at least in part to experimental error cumulative in any ratio of A-V concentration differences; this error may be calculated and, for a determination of R.Q. based upon a single pair of A-V concentration differences, the standard error of the estimated R.Q. is 0.065. In most of the subjects at least two pairs of arterial and venous bloods were drawn, so that the standard error for the R.Q. of a single subject is usually 0.046. A large fraction then of the R.Q. range may well be owing to experimental error. The true mean R.Q. for the entire series of 14 subjects is however unlikely to be outside the range of 0.74 to 0.86.
These data may be compared with those of Harrop (30) who in 1919 measured 02 and CO2 A-V differences. Calculation of R.Q. for his 10 subjects yields a median of 0.81, with a mean which is misleadingly higher owing to a single discrepantly high value.
Although classic interpretation of R.Q. data derived respiratory gases have been, with cause, indicted in recent years (37) , the strictures are perhaps not as pertinent to interpretation of forearm muscle R.Q. Those complex metabolic activities which make interpretation of total body R.Q. hazardous are largely the province of the liver. It might be hoped that a plot of R.Q. against the fraction of 02 uptake spent for oxidation of glucose would show a direct correlation. This was not found, very likely because of the cumulative errors involved in the determination of each of these values. More reliance can, however, be placed on the means of the entire series. The true mean R.Q. of this series probably lies between 0.74 and 0.86, a range which theoretically permits carbohydrate, protein, fat or ketone bodies to serve as the major substrate. The experiments reported here have demonstrated the limited role of carbohydrate: glucose uptake from arterial blood might account for 0 to 22 per cent of the oxygen consumption (mean ± 2 standard errors); glycogen in muscle would appear to furnish at most no more than an additional 10 per cent or so. Other possible substrates include all those metabolic intermediates brought to muscle by arterial blood. Some of the more likely candidates are considered below.
Possible nature of the major substrates for resting muscle Although amino acids do serve as oxidative substrates, it seems unlikely that amino acids would provide the major substrate 16 hours after a meal, since "no appreciable stores of non-functional protein exists anywhere in the body" (50). Kline (51) could not demonstrate amino acid uptake by the hind limb of the dog; in fact, concentration of amino acids in venous blood exceeded arterial. However, uptake of amino acids has been demonstrated by the intact human heart (25).4 Even if A-V differences in the human forearm were as large as coronary A-V differences, then only 10 per cent of the oxygen consumption would be accounted for.
The role of ketone bodies similarly must be minor after an overnight fast of only 16 to 19 hours. Uptake is limited by low arterial concentrations of ketone bodies (expressed as /8-hydroxybutyric acid) of 1.33 and 2.26 mg. per 100 ml. (52, 25) obtained under similar fasting conditions. Gammeltoft (53) has studied the A-V ketone difference in the arm of fasting man and found this to average about 1 mg. per 100 ml. when the arterial concentrations were about 6 to 10 mg. per 100 ml. It would appear then from the limited data available that ketone bodies could not account for more than 10 per cent of the oxygen substrate.
Fatty acids, however, are present in very high concentration even under fasting conditions, so high, in fact, that only 1 or 2 per cent of plasma lipids need be extracted to account for all the unidentified substrate. Unfortunately, available analytical methods are inadequate to detect such small A-V differences and in a number of trials using several methods for total lipid determination we have been unable to prove such differences existed.
There seems to be no reason to doubt that muscle has the apparatus with which to oxidize lipids. Isolated skeletal muscle can oxidize fatty acids (54-57) and uptake of lipid by myocardium in man has been demonstrated (25) by the coronary sinus catheterization technique.
In the face of strong suggestive evidence pointing 4 The mean value for A amino acids in Table I in this reference is an obvious misprint and evidently should be one-tenth the value printed. toward a major role for fatty acids, current efforts are being directed toward fractionation of plasma lipids on the assumption that most of the lipid uptake may occur with respect to a single lipid fraction and that the A-V differences in this fraction might then be sufficiently large to be measured convincingly. Purely on the basis of relative ease of transcapillary exchange it would appear most probable that the small fraction of fatty acids which are unesterified might be the major substrate.
SUMMARY
Metabolism of the forearm, a mass of tissue which is predominantly skeletal muscle, has been studied in 14 normal men in the basal state by measuring simultaneously differences in arterial and venous concentrations of 02, CO2, glucose and lactate. In eight subjects blood flow through the segment was measured also and rates of uptake of 02 and of glucose and of production of CO2 and lactate were determined.
Oxygen consumption by resting muscles of the forearm is vigorous. If it is representative of 02 uptake by all skeletal muscles, then muscle accounts for 35 to 40 per cent of total body 02 UPtake at rest and following a 16-hour fast.
In contrast, muscle glucose uptake is relatively small. By a similar extrapolation, muscle accounts for only 20 per cent of total body glucose uptake.
Without exception, venous lactate concentration exceeded arterial; muscle produced lactate continuously even at rest and in the presence of active 02 consumption. On the average, 60 per cent of glucose uptake by forearm muscles was accounted for by lactate production, with wide individual variation.
The remaining glucose, not accounted for by lactate production, was assumed to be oxidized completely. Its oxidation could account for only about 7 per cent of the 02 uptake; that is, glucose abstracted from blood is only a minor fuel for skeletal muscle under these conditions.
Based on estimates of transient glycogen storage and of reported turnover rates for glycogen it is unlikely that glycogen in muscle is oxidized to an important extent in the basal state. Most of the 02 uptake is probably spent in oxidation of non-carbohydrate material in forearm muscle.
The mean R.Q. of forearm muscle was 0.80, suggesting that the major non-carbohydrate material which serves as the substrate for oxidation in forearm muscle is lipid.
